Abstract
iNTRODUCTiON
The abandonment of agricultural practices in subalpine ecosystems is leading to a shrub encroachment process that transforms grasslands into woodlands (Gartzia et al. 2014; Gellrich et al. 2007) . The interactions between the incoming shrub species might influence the vegetation succession. Connell and Slatyer (1977) proposed three models to address autogenic succession. The first model included 'facilitation' by 'early colonist' to the benefit of 'late succession species', which, once established, would outcompete the former. The second and the third models included 'no interaction' and 'competition' by the 'early colonist' species with the 'late succession' ones, respectively. In addition, plant-plant interactions are a crucial component of the response of plant communities to climate change (Brooker 2006; Theurillat and Guisan 2001) .
However, studies in alpine ecosystems are scarce (Anthelme et al. 2014) , particularly in the context of succession (Barrio et al. 2013) . To predict vegetation succession after land abandonment and identify the impacts of climate change, studies that assess species interactions under different climatic conditions are needed.
Positive interactions such as facilitation occur when one species enhances the survivorship, growth or fitness of another (Callaway 2007) . There are several mechanisms in positive plant interactions. Some are passive mechanisms, such as attraction of shared pollinators (Ghazoul 2006) , protection from herbivores (Jaksič and Fuentes 1980) and from extremely low temperatures and harmful sun radiation (Callaway 2007) ; others, such as beneficial exchange of soil microbial communities (Newman and Ritz 1986) , amelioration of soil local environment by increasing nutrient availability (Jackson and Caldwell 1993) , are active mechanisms. Given that harsh environmental conditions might limit the acquisition of resources by plants, amelioration of severe environmental stress by neighbors might favor growth or fitness (Callaway and Walker 1997) . Therefore, interactions between plants might differ under different levels of stress. The 'stress gradient hypothesis' (SGH) predicts that the relative importance of positive and negative interactions vary inversely along environmental stress gradients, with facilitation being predominant under high levels of environmental stress (Callaway and Walker 1997) . Numerous field experiments supported SGH (He et al. 2013; Maestre et al. 2003; del Río et al. 2014) , however others have not (Pennings et al. 2003; Tielbörger and Kadmon 2000) . Those departures from theoretical predictions arise from differences in the variability associated with species growth rate and life-history stages, local adaptation to stress, and variation on the performance variable used (Goldberg et al. 1999; Tielbörger and Kadmon 2000; Pennings et al. 2003) . Therefore, a better understanding of the relationship between plant-plant interactions and levels of environmental stress is needed.
The aim of our study was to investigate shrub-shrub interactions between an 'early colonist' and a 'late succession' shrub, at various life stages of the 'late succession' species, as a mechanism of vegetation succession in abandoned subalpine grasslands. We investigated the interactions between the two main shrub species that have established in the abandoned grasslands in the Central Pyrenees (Spain), Echinospartum horridum (Vahl) Rothm (an 'early colonist') and Buxus sempervirens L. (a 'late succession colonist'), and whether climatic conditions might affect their interactions. Specifically, we aimed to (i) assess the balance of interactions (competition versus facilitation) between the two species at different life stages of B. sempervirens (seedling, juvenile and adult), (ii) assess shrubs interactions at two locations which differ in environmental conditions-at the current upper limit of altitudinal range of B. sempervirens (high site) and at a low elevation with a milder climate (low site)-and (iii) evaluate the microclimate and soil nutrient amelioration as mechanisms of interaction, given that E. horridum is a cushion-shaped leguminous N-fixing species. To investigate the bidirectional interactions between these two shrubs, we performed a neighbor-removal experiment, at the two study sites, for B. sempervirens adults, juveniles and seedlings. We hypothesize that E. horridum promotes shrub encroachment because it enhances the survivorship of B. sempervirens seedlings, which, when they mature might outcompete E. horridum. We hypothesize as well that facilitation would predominate under stressful conditions for the facilitated seedlings and juveniles of B. sempervirens (at the high site), and that competition of B. sempervirens adults towards E. horridum would be more intense under less stressful conditions (at the low site).
To evaluate plant responses, we used two common performance indicators, survival and growth (annual crown growth), and developmental instability (DI). DI is an integrative index of stress (Møller and Swaddle 1997; Polak 2003) because it is correlated with several abiotic stressors, including environmental factors such as drought and high temperature (Nuche et al. 2014) , as well as biotic stressors such as intraspecific competition (Komac and Alados 2012 ) and inter-specific competition and facilitation (Alados et al. 2006; Zvereva and Kozlov 2006 ). Less energy is available under stress for the correct functioning of organisms and the mechanisms intended to insure the proper development might be compromised, which leads to developmental errors (Freeman et al. 2003) . In this study, we used two indices of DI, fluctuating asymmetry (FA) and translational asymmetry (TA).
MATERiALS AND METHODS

Study area and plant species
The study area included two sampling sites at the periphery of Ordesa and Monte Perdido National Park (PNOMP), in the Central Pyrenees, Spain (Table 1 ): one at the upper limit of altitudinal range of B. sempervirens (high site at 1800 m) and one at a milder location at lower elevation (low site at 1400 m.a.s.l.). The climate is Mediterranean mountainous and characterized by an equinoctial precipitation regime, cold winters and a short vegetative period. The average annual precipitation is 1758 mm (at the nearest meteorological station 'Refugio de Góriz'). The same slope (20-30°) and calcareous mother rock occurs at both locations. At the study sites, vegetation is a dense shrubland dominated by monospecific patches of E. horridum and scattered individuals of B. sempervirens. Specifically, shrub cover is more than 60% (B. sempervirens 24%, E. horridum 37%), and the remainder includes various species of grasses (20%) and herbs (19%). Echinospartum horridum is a non-resprouting, thorny and cushion-shaped chamaephyte that is endemic to the subMediterranean region of the Pyrenees. Buxus sempervirens is a resprouter broadleaf evergreen phanerophyte (up to 5 m high) widely distributed in the Mediterranean region and central Europe (Quézel and Médail 2003) .
Field work and laboratory procedures
To quantify the effects of E. horridum on the life stages of B. sempervirens, 36 units of coexisting adult E. horridum-adult B. sempervirens, 36 units of adult E. horridum-juvenile B. sempervirens and 36 units of adult E. horridum-seedling B. sempervirens were selected along two transects that were at the closest point 10 m apart, at each study site (high and low). To test the effect of E. horridum on B. sempervirens adults, juveniles and seedlings, adult E. horridum were removed from half of the replicates (E. removal treatment, which had nine replicates per vital stage on each transect; and control, which had nine replicates per vital stage on each transect, at each study site; see online supplementary Appendix B). Vegetation removal only involved manual clipping of the aboveground biomass, and the soil was left intact. B. sempervirens seedlings were identified as individuals smaller than 5 cm tall that were entirely below an E. horridum crown; juveniles were individuals between 20 and 90 cm tall growing inside a E. horridum but that had part of its crown out of it, and adults were individuals taller than 1 m. No seedling showed evidence of grazing herbivory. To test the hypothesis of the competitive effect of adult B. sempervirens on E. horridum, 36 units of coexisting adult B. sempervirens-adult E. horridum were selected along the former two transects, at each study site. In half of the units, B. sempervirens adults were removed from the E. horridum neighborhood (B. removal treatment, with nine replicates per transect, and the control, with nine replicates per transect, at each study site). In addition, 36 individuals of E. horridum that had not coexisted with B. sempervirens were selected. The experiment was established in August 2010 and vegetation was surveyed at that time (before manipulations) and in August 2011. We recorded the survival and height of B. sempervirens seedlings, the crown size and DI of B. sempervirens juveniles and adults in control and in E. removal treatments, and the crown size and DI of E. horridum adults in control and in B. removal treatments. Mortality was only accounted when the seedling was found dead. Annual crown growth was quantified as the increase in crown size between the two years of study. Crown size was estimated based on the longest crown diameter and the diameter perpendicular to it. The crown height of B. sempervirens was also recorded. To quantify DI, we collected three annual shoots from each B. sempervirens juvenile and adult (in control and E. removal treatment) and three annual spines from each E. horridum adult (in control and B. removal treatment). An electronic caliper (resolution 0.01 mm) was used to measure the shoot length and the internode length from the base to the top of each shoot-to quantify TA in B. sempervirens, and from the base to the thorny apex of opposite spines-to calculate the FA in E. horridum (see online supplementary Appendix C).
To test the hypothesis that E. horridum increases soil fertility, soil samples were collected at the base of each B. sempervirens monitored: nine replicates per vital stage and transect, at each treatment (control and E. removal) and at each study site (high and low). Soil samples of 20 cm in deep were collected with a soil collector. The following parameters were quantified in the soil samples: pH, and concentration (%) of nitrogen (N), total carbon (Tot.C), organic carbon (Org.C), organic matter (OM). After polishing soils samples, nitrogen and total carbon was quantified using an elemental analyzer, Variomax Elementar (DUMAS procedure); organic carbon was quantified with dichromate (Heanes 1984) . Organic matter was quantified by incineration (at 550°C). After sieving soil samples (2 mm mesh) texture was quantified (Malvern Mastersizer 2000).
Local environmental conditions
To assess the variation in meteorological conditions within the elevation range, and to assess the crown effect of E. horridum within its local environment, we installed at each study site four air temperature and relative humidity sensors at the soil surface, under E. horridum crown (control) and four outside E. horridum crown (E. removal treatment) at each study site (a total of eight sensors per site; Table 1 ). Daily air temperature and relative humidity (±0.5°C) was recorded every 30 min from May 2011 to May 2013 using a Hobo U-23 pro v2 data logger (Onset Computer Co., Bourne, MA). Photosynthetic Photon Flux (PPF, solar radiation from 400 to 700 nm) was measured in a clear sky day in August 2011 with a portable quantum meter (Apogee Instruments Inc., Logan, UT) in control and in E. removal treatment, in 15 E. horridum individuals as replicates at each study site.
Statistical analyses
Local environmental conditions
To test for differences between local climate conditions under and outside E. horridum crown and between study sites, air temperature from data collected in the field was Table 1 : Annual and April-to-June average of daily mean temperatures (°C), annual and warm months (April to September) daily mean air relative humidity (%), and solar radiation in control and E. removal treatment at each study site (high and low) in the Central Pyrenees, Spain analyzed using linear mixed models (LMM). The growing season usually starts with snowmelt in April; therefore, we focused on the period April-June as the most important for plant growth. To test for differences in the local climate between study sites, we performed a LMM that included air temperature (April-June) of the E. removal treatment as the response variable, and the factor site, which accounted for differences between study sites (high versus low), as a fixed factor. To test for differences in microclimate under and outside E. horridum crown, a LMM with air temperature (April-June) as the response variable and treatment as a fixed factor (control versus E. removal) was performed at each study site, separately. The factor transect (with two levels) and year, month and date (to account for temporal auto-correlation), were included as random factors in former models.
To test for differences in solar radiation between study sites, a general linear model (GLM) with the factor site (high site versus low site) was performed with data of the E. removal treatment. To test for differences in solar radiation under and outside E. horridum crown a GLM with treatment (control versus E. removal) as the fixed factor was performed at each study site, separately.
To test for differences in soil properties between study sites, a LMM was performed for each soil nutrient and pH based on the data from the control treatment. The factor site was included in the model as fixed factor and transect as random factor. To test for differences in soil properties between treatments (control and E. removal) a LMM was performed for nitrogen (%N), total carbon (%Tot.C), organic carbon (%Org.C), organic matter (%OM) and pH, for each vital stage (B. sempervirens juveniles and adults), and study site (high and low). The factor treatment was included in the model as a fixed factor and transect was included as a random factor.
Seedling survival
To analyze the survival probability of B. sempervirens seedlings at each study site and in control and E. removal treatment, a generalized LMM (GLMM) with binomial distribution was used. The response variable 'seedling survival' had a value of 1 if the seedling survived from 2010 to 2011 and a value of 0 if the seedling was found dead in 2011. The factor site, which accounted for variation between sites, and the factor treatment, which accounted for the effect of the neighbor-removal experiment, were included as fixed factors. Transect, which represented the replicates at site level, was included as a random factor, and the variable 'seedling height' was included as a covariate. To test the effect of the variable 'seedling height' on the probability of seedling survival under different stressful conditions as a combination of site and exposure, a GLMM (binomial distribution) with seedling survival as the response variable, seedling height as a covariate and transect as a random factor was performed for each combination of site and treatment (high site-control, high site-E. removal, low sitecontrol and low site-E. removal).
Annual crown growth
Based on the assumption that E. horridum individuals are ellipsoidal, the crown size of E. horridum was estimated with the ellipse area formula based on the longest diameter, D, and its perpendicular, d:
The crown size of B. sempervirens was calculated based on the cylinder volume formula (Azmi et al. 1991) with the longest diameter, D, its perpendicular, d, and the height, h:
The annual crown growth of the two shrub species was calculated as follows: 
To test the effect of elevation on B. sempervirens (juveniles and adults) and E. horridum performance, a LMM that included annual crown growth as the response variable was performed for each study species. Site and transect were included as fixed and random factors, respectively. To test the effect of E. horridum on B. sempervirens (juveniles and adults) performance and the effect of B. sempervirens adults on E. horridum performance, a LMM that included annual crown growth as the response variable was performed for each study site (high and low) and species. Treatment and transect were included as fixed and random factor, respectively. We expected that adult and juvenile B. sempervirens would differ in their response to climatic conditions and in the degree of interaction with E. horridum; therefore, each life stage was evaluated individually.
Developmental instability
FA was measured in E. horridum spines based on the random departure from bilateral symmetry (Palmer and Strobeck 1986) . To assess the relationship between asymmetry and size, we tested the correlation between absolute FA, |L − R|, being L left spine and R right spine, and the sum of both spines, (L + R), which was highly significant (r = 0.18, P < 0.0001); therefore, the raw data was transformed using logarithm, |lnL i − lnR i | (Palmer and Strobeck 2003) . To deal with half normal distribution, we applied the Box-Cox transformation (following Freeman et al. 2004; Graham et al. 1998; and Swaddle et al. 1994 ). We used FA as an index of DI. High FA value indicates high DI. 
To test the effect of altitude on E. horridum DI, we used data from E. horridum individuals that did not coexisted with B. sempervirens, and we performed a LMM that included FA as the response variable, site as a fixed factor and transect, individual and shoot as a random factors. To test the effect of B. sempervirens adults on E. horridum DI a LMM that had FA as the response variable, treatment as a fixed factor and transect and individual as random factors was performed, at each study site.
TA was estimated in B. sempervirens shoots based on the error in the following curve-fitting equation:
where L is the internode length, N is the internode order (measured from the bottom to the top, see online supplementary Appendix A), e is the natural base and k, a and b are the fitted parameters (Alados et al. 1998 (Alados et al. , 2006 Freeman et al. 2004; Tan-Kirstanto et al. 2003) . Curve-fitting accuracy was calculated after log-log linearization and posterior linear regression adjustments of each sample. The coefficient of determination (1 − R 2 ) was used as a TA index, a measure of the degree of DI. High TA value indicates high DI.
To test the effect of elevation on B. sempervirens DI, a LMM that had TA as the response variable, site as a fixed factor and transect, individual and shoot as random factors was performed. To test the effect of E. horridum on B. sempervirens DI a LMM that had TA as the response variable, treatment as a fixed factor and transect and individual as random factors was performed, at each study site. We expected that adult and juvenile B. sempervirens would differ in their response to elevation and in the degree of interaction with E. horridum; therefore, each life stage was evaluated individually. 'Annual shoot length' was included as covariate in every model to avoid a size effect.
All models were selected based on Akaike information criterion (Zuur et al. 2009 ). The parameter estimations were made using the Restricted Maximum-Likelihood Estimation Method (REML) in the nlme package (Pinheiro et al. 2014) for the R 2.15.3 software (R Development Core Team, 2011), with the probability of statistical significance set to 0.05 (type I).
RESULTS
Local environmental conditions
Air temperature was lower at the high site than at the low site during the study period (April-June; F 1,387 = 41.23, P < 0.0001; Table 1, Fig. 1 ). In that period, air temperature was lower outside E. horridum crowns (E. removal treatment) than it was under E. horridum crowns (control), both in high (F 1,7279 = 149.67, P < 0.0001) and low (F 1,6774 = 744.38, P < 0.0001) sites (Table 1, Fig. 1 ). The lowest temperatures occurred at the high site in the E. removal treatment ( Table 1) .
Levels of solar radiation were highest at the high site (F 1,32 = 19.79, P < 0.0001; Table 1 ). In addition, the presence of E. horridum crowns diminished significantly the irradiance levels beneath them at both sites (F 1,28 = 729.55, P < 0.0001 and F 1,28 = 692, P < 0.0001 for high and low sites, respectively; Table 1 ).
The soils of both study sites were similar: nitrogen (F 1,33 = 1.24, P = 0.27), organic carbon (F 1,33 = 0.590, P = 0.44), total carbon (F 1,33 = 0.079, P = 0.77), C/N (F 1,33 = 0.0048, P = 0.94), OM (F 1,33 = 0.12, P = 0.72) and pH (F 1,33 = 0.36, P = 0.54).
At the high site, soil fertility and pH did not differ significantly between treatments (control versus E. removal); however, at the low site, all soil nutrient concentrations were significantly lower in the E. removal treatment than in control (Table 2, Fig. 2) .
B. sempervirens response to E. horridum removal
B. sempervirens seedling survival
The survival of B. sempervirens seedlings was significantly higher under E. horridum crowns (control; 87.5% survival) than outside (in E. removal treatment; 38.2% survival; Figure 1 : Monthly mean temperature (°C) under E. horridum crown (control) (a) and outside E. horridum crown (E. removal treatment) (b), at each study site (high and low), within an elevation range in the Central Pyrenees, Spain. z = 8.03, P = 0.02; Fig. 3 ). Seedling survival did not differ significantly between sites (z = 0.27, P = 0.52). Seedling height and survival were positively correlated (z = 8.93, P = 0.002). At the high site, in the E. removal treatment, seedling height had a significant positive effect on seedling survival (z = 2.033, P = 0.04). In the E. removal treatment at the low site, the effect was marginal (z = 1.875, P = 0.06). In the controls at the high and low sites, seedling height and seedling survival were not significantly correlated (z = 0.573, P = 0.56; z = 0.970, P = 0.33, respectively).
Annual crown growth of B. sempervirens juveniles and adults
Annual crown growth of juvenile B. sempervirens did not differ significantly between sites (F 1,68 = 0.774, P = 0.47). At the high site, juveniles' annual crown growth was significantly higher in control than in the E. removal treatment, and a similar but non-significant trend was apparent at the low site (Table 3 , Fig. 4) .
Annual crown growth of adult B. sempervirens did not differ significantly between sites (F 1,68 = 0.693, P = 0.49) and N) , under E. horridum crown (control) and where E. horridum had been removed (E. removal treatment), at each study site, high (a) and low (b), within an elevation range at the Central Pyrenees, Spain. *P < 0.05, **P < 0.01. (F and P values) for the studied soil properties: nitrogen, organic carbon (Org.C), total carbon (Tot.C), C/N, organic matter (OM) and pH, at each study site, high and low, in the Central Pyrenees, Spain was not affected by the removal of E. horridum (F 1,33 = 2.109, P = 0.15 at the high site; F 1,33 = 0.495, P = 0.48 at the low site).
DI in B. sempervirens
DI of juveniles and adults of B. sempervirens did not significantly differ between the high and low sites (F 1,135 = 3.34, P = 0.21 and F 1,210 = 0.384, P = 0.59, respectively) or between treatments (high site: F 1,105 = 0.632, P = 0.43; low site: F 1,105 = 0.0299, P = 0.86 for adults; see for juveniles Table 3 ).
E. horridum response to B. sempervirens removal
E. horridum annual crown growth
E. horridum had a marginally significant tendency towards a higher annual crown growth at the high site than at the low site, in individuals that did not coexist with B. sempervirens (F 1,32 = 3.44, P = 0.07, ). At the low site, the growth rate of E. horridum that had coexisted with B. sempervirens adults was significantly higher in B. removal treatment than in the control (Table 3, Fig. 5b) , and a similar but non-significant trend was apparent at the high site.
DI in E. horridum
E. horridum that did not coexist with B. sempervirens had a non-significant tendency of having higher DI at the high than at the low site (F 1,178 = 6.15, P = 0.13, ).
At the high site, DI of E. horridum coexisting with B. sempervirens adults was marginally higher in control than in the B. removal treatment (Table 3 , Fig. 5c ). A similar but nonsignificant trend was apparent at the low site.
DiSCUSSiON
E. horridum enhanced the survival of B. sempervirens seedlings under its crown, and thus, it had a facilitative effect on the establishment of B. sempervirens seedlings. However, B. sempervirens that survived to maturity outcompeted E. horridum. The invasion of the grasslands by E. horridum facilitated the settlement and expansion of B. sempervirens and, hence, has promoted vegetation succession at the Pyrenees. In addition, climate differences associated with elevation affected facilitation and competitive interactions. In the low-temperature climate at the upper altitudinal limit of of B. sempervirens, E. horridum had a facilitative effect in increasing the growth of juvenile B. sempervirens beneath its crown. At the lower elevation, where climate was milder, adult B. sempervirens exerted higher degree of competition towards E. horridum. An increase in temperatures associated with climate change would benefit the growth of juvenile B. sempervirens, which might affect the successional process by increasing the competitive ability of those juveniles once they become adults.
The microclimate created by E. horridum was more important to the survival of B. sempervirens seedlings than the climate associated with elevation. B. sempervirens survival was similar at both altitudes, thus, seedling facilitation under warming temperatures fail to be reduced, as also reported by other authors (Cavieres and Sierra-Almeida 2012) . The microhabitat created by E. horridum crowns, where mean air temperatures and air humidity are higher, and levels of irradiance Differences between treatments (control vs. E. removal/B. removal) at each study site (high and low) was evaluated, for Buxus sempervirens juveniles, and Echinospartum horridum. Statistically significant differences (P < 0.05) are in bold. horridum crown (control) and where E. horridum had been removed (E. removal), at each study site (high and low) within an elevation range at the Central Pyrenees, Spain. **P < 0.01.
are lower than outside the crown, enhanced the survival of B. sempervirens seedlings. The cushion shape of E. horridum, with short stature and compact form, acts as an efficient heat trap (Körner and De Moraes 1979) that also reduces loss of soil moisture (Cavieres et al. 2007 ). The multiple effects that E. horridum exerts on its microenvironment prevented us from identifying the primary specific factor that dictates seedling survival; nevertheless, the net effect that E. horridum has on the survival of B. sempervirens seedling is manifest. In addition, B. sempervirens is a shade-tolerant species that grows in the understory of dense forests (García-Plazaola et al. 2008) . That shade tolerance probably makes the seedlings sensitive to high irradiance and allows them to develop under E. horridum crown. Despite its shade tolerance, B. sempervirens also occurs in areas that are exposed to high irradiance (García-Plazaola et al. 2008) , such as the tree line ecotone in our study site. Hormaetxe et al. (2005) demonstrated that in B. sempervirens leaves exposed to sun, pools of α-tocopherol, a photoprotective molecule, increased with leaf age. That might explain why seedling height increased the survival probability of B. sempervirens seedlings if they were not covered by E. horridum crown at the high site, which indicated that small seedlings are most vulnerable under the harsh conditions of high altitude and exposure. In our study, however, 38% of seedlings survived without the protection of E. horridum (average between high and low sites), which suggests that the presence of E. horridum might accelerate the expansion rate of B. sempervirens, although B. sempervirens expansion might not be limited to stands in which E. horridum is not present. Facilitative interactions tend to promote vegetation succession (Walker and Del Moral 2003) . Kellman and Kading (1992) showed that protection from high sun radiation was the mechanism in dune vegetation succession in Ontario, Canada. Rigg et al. (2002) showed that tress facilitated the establishment of several shrub and tree species because of shade and moisture retention in the succession from maquis to rain forest in New Caledonia. Other studies have demonstrated that competition can play an important role in vegetation succession as well. Noble and Stayler (1980) showed that the pattern of establishment in seedlings in an Australian alpine tree Eucalyptus pauciflora at the tree line arose from the competitive effect from tussock grass Poa sp. Similarly, Coomes and Grubb (2000) demonstrated that in early forest succession, even when light levels are high, the late succession seedlings are suppressed by root competition. Low temperatures negatively affected the growth of B. sempervirens juveniles at the high site, which was at the current upper limit of altitudinal range of the species in the Lomar Valley, Central Pyrenees. The removal of E. horridum left juveniles exposed to lower temperatures than at the low site during the growing period (April-June), thus the annual crown growth of juvenile B. sempervirens at the high site was reduced. At the highest elevation under low temperatures, E. horridum facilitated juvenile B. sempervirens, which can be explained by the SGH. A decrease in air temperature diminishes the rate of photosynthesis (Berry and Björkman 1980) and therefore C fixation and growth. An increase in photosynthesis is not limited by water availability under E. horridum crown, since air humidity is higher than it is outside its crown. Plants can interact aboveground, where the modification of the microclimate dictates the interactions, or belowground via their roots (Callaway 2007) . Although adults of E. horridum and B. sempervirens can interact belowground, amelioration of the microenvironment was the main mechanism of facilitation of E. horridum towards B. sempervirens juveniles and seedlings. The milder climate at the low site did not reduced juvenile growth after E. horridum was removed despite a reduction in soil fertility. An increase of air temperature is one of the main mechanisms whereby nurse plants facilitate other plant species in alpine environments (Arroyo et al. 2003; Cavieres et al. 2007 ). This can be explained by the hypothesis that facilitation in alpine and subalpine ecosystems is principally originated by stress factors that are not directly related to resource availability (Anthelme et al. 2014; Maestre et al. 2009 ).
E. horridum growth was reduced when it coexisted with B. sempervirens adults, specially under the milder temperatures at the low study site. Adult B. sempervirens outcompeted E. horridum, specially at the site where E. horridum had the lowest performance (reduced growth and high DI). E. horridum has narrow and v-shaped leaves, which is typical of plant species that live in cold environments (Körner 2003) . The disadvantage of that morphotype is the poor light-harvesting potential caused by low leaf area (Körner and De Moraes 1979) . This might explain why E. horridum was outcompeted by B. sempervirens, a taller shrub which creates a dense shade, especially at the low site, where irradiance levels were lower. We do not know, however, the role that phenolic compounds of B. sempervirens leaves might be playing in such competitive interaction.
Climate associated with elevation influenced the effect that E. horridum has had on the soil. At the high site, the removal of E. horridum did not affect soil properties, while, at the low site, the removal of E. horridum did significantly reduce the concentration of soil nutrients. The removal of E. horridum might have diminished the input that the species would have provided to the soil through N fixation and litter deposition. At the low site, where the temperatures were highest, nutrient cycling might have been accelerated (Beier et al. 2008) and, consequently, soil nutrient concentrations were reduced. We do not know, however, the precise underlying mechanism. Temperature favors soil ammonification and nitrification; that is, the decomposition of organic matter into components that plants can assimilate, nitrogen emission to the atmosphere caused by denitrifying bacteria and soil microbial respiration, i.e., CO 2 efflux from the organic matter into the atmosphere (Fang and Moncrief 2001; Campbell 2009; Shutt et al. 2014) . In addition, Bassirirad (2000) demonstrated that soil temperature can favor root kinetics, specifically, the nutrient uptake by species from warm and fluctuating soil habitats. The effects of an increase in temperature on soil nutrient cycling and vegetation take place at different time scales: allocation patterns changes within a few days; in the following year, soil nitrogen availability changes; and, within decades, an increase in temperature can lead to changes in species composition (Shaver et al. 2000) . Henrot and Robertson (1994) reported a 20% decrease in total carbon and nitrogen three years after vegetation removal in soils of humid tropics. Martínez-Mena et al. (2001) found that 48 months after the vegetation had been removed, the abundance of organic carbon in a semi-arid Mediterranean soil halved, which they attributed to mineralization and soil erosion. We found a 15% reduction in organic carbon and nitrogen after one year.
Our study focused on the interaction between the two most abundant species in the ecosystem, which are engineering plants and lead the vegetation succession. The roles of other species (20% of grasses and 19% of herbs) on the B. sempervirens-E. horridum interaction appeared negligible. E. horridum forms monospecific patches through vegetative reproduction, which favors the persistence of the plant in dense cover and suppresses the establishment of other species. Propagation of clonal fragments occurs through decumbent branches, which root at nodes along the stem; clonal fragments become separated when the central portion of the plant dies (Komac and Alados 2012) . B. sempervirens individuals spread along the patch of E. horridum because the former reproduces sexually only, although several secondary stems can develop from the stump. B. sempervirens and E. horridum seedlings are not affected by grasses and herbs, given that underneath E. horridum crown very few individuals develop due to the insufficient light. Although several studies have demonstrated that grasses can have a competitive effect on shrubs, such effect occurs primarily under low cover of shrubs (Dullinger et al. 2003; Magee and Anthos 1992) ; under high shrub cover, grasses are suppressed and do not have a competitive effect on shrubs (Köchy and Wilson 2000) .
In the Central Pyrenees, DI of B. sempervirens adults and juveniles did not vary significantly across the altitudinal gradient of study. This result suggests that B. sempervirens would be able to withstand high altitude environmental conditions despite the lower temperatures of the high site. Therefore, even though B. sempervirens juveniles have reduced growth when they are not facilitated by E. horridum the current upper limit of B. sempervirens altitudinal range might not be its real climatic limit. DI measurements did not show a significant effect in the neighbor-removal treatment in B. sempervirens juveniles or adults. This could be explained because the effect of E. horridum to B. sempervirens adults was not strong, as also observed in the annual crown growth indicator. The DI effect observed in B. removal treatment in E. horridum probably would have been more apparent later, when the effect of the removal treatment would have persisted longer (Zvereva and Kozlov 2006) . However, the large sample sizes needed for DI analyses prevented us from documenting DI in several consecutive years.
We conclude that E. horridum promotes shrub encroachment by favoring the survival of secondary successional species such as B. sempervirens. We would expect the competitive displacement (sensu Walker and Del Moral 2003) of E. horridum by B. sempervirens in the valley of the study area. In addition, rising temperatures associated to climate change can have a beneficial effect on the growth of B. sempervirens juveniles and increase the competitive ability of the plant. This would exacerbate the negative effect on E. horridum, and potentially accelerate the rate of succession.
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